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Abstract 
We fabricated industrial passivated emitter and rear cell (i-PERC) solar cells by upgrading a conventional solar cell process for a 
commercial grade 6 inch p-type wafer. The complex fabrication process of the rear side opening to form the local back surface 
field (LBSF) limits mass production of PERC solar cells, therefore, we focused on the selective ablation of rear side passivation 
layer using laser and laser-induced damage etching. Optical microscope and electroluminescence (EL) images reveal that the 
damage etching after laser ablation improved its surface quality, and the shunt resistance (Rsh) was also increased by optimizing 
the damage etching. We obtained 19.73% conversion efficiency on i-PERC solar cells.  
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1. Introduction 
Over the last few years, several technologies have been investigated to reduce the recombination in emitters and 
on passivated surfaces [1-2]. The PERC solar cell is considered as the next generation solution because of its 
significant efficiency gain originating from improved rear surface passivation [3]. In addition, the PERC solar cell 
can be fabricated using existing production line equipment. Many researchers have reported progress in surface 
passivation, a simplified process sequence, and novel technologies for the industrial fabrication of high efficiency 
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PERC structures [4-5], however, the complex fabrication process of the rear side opening to form the LBSF still 
limits mass production [6]. 
One of the cost effective and easy ways to manufacture PERC solar cells for production is the selective ablation 
of the rear side passivation layer using lasers [7]. Lasers are widely used for solar cell fabrication because of their 
potentially high throughput and selectivity [8]. However, laser ablation can cause unintended laser-induced damage 
such as surface melting, the head affected zone, micro-cracks, and point defects, which can negatively affect solar 
cell performance [9]. 
In this work, we investigated selective laser ablation and laser-induced damage etching on the rear side 
passivation layer of aluminum oxide (Al2O3) and silicon nitride (SiNx) for i-PERC solar cells, as shown in Fig. 1(b). 
Laser-ablated and etched surfaces were characterized by optical microscope and EL images, and shunt resistances 
were observed for different etching times. The fabricated i-PERC solar cells attained a conversion efficiency of 
19.73% and a corresponding increase in the open circuit voltage (Voc) and short circuit current density (Jsc) in 
comparison to a conventional solar cell.  
 
  
(a) (b) 
 
Fig. 1. Schematic of (a) conventional screen printed solar cells and (b) i-PERC solar cells 
 
2. Experimental details 
 
 
Fig. 2. Process sequence of i-PERC solar cells
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Fig. 2 shows the process sequence of i-PERC solar cells presented in this work. The cells were fabricated on 
boron-doped p-type monocrystalline 6 inch (239.11 cm2) commercial grade CZ silicon wafers with a thickness of 
200 ± 20 μm  and a resistivity of 0.5 to 3.0 Ω∙cm. After saw damage etching, the rear side of the wafer was masked 
by silicon oxynitride (SiON) to maintain a flat surface. In addition, the front side was textured to make random 
pyramids, POCl3 was diffused to form emitter region, and the SiNx passivation layer was deposited by plasma-
enhanced chemical vapor deposition (PECVD). The rear side was passivated with Al2O3 deposited by atomic layer 
deposition (ALD) and an additional capping layer of SiNx on top of the Al2O3 layer. After that, laser ablation was 
performed using a 532 nm wavelength continuous laser, and the laser-ablated area was etched using KOH solution 
with different etching times. Finally, rear aluminum (Al) and front silver (Ag) paste was screen printed and co-fired. 
The laser-ablated and etched areas were characterized by optical microscope and EL images, and the cell 
performance was evaluated under standard testing conditions (one sun, AM 1.5G). 
3. Results and discussion 
Al2O3 rear passivation layers have been reported with very low surface recombination velocities on lightly doped 
p-type surfaces. The excellent passivation quality results arise from the high density of fixed negative charge at the 
Si/Al2O3 interface, which leads to an accumulation of majority carriers at the interface. Therefore, we employed an 
Al2O3 layer for rear side passivation with a thickness of approximately 10 nm and an additional capping layer of 
SiNx on top of the Al2O3 layer to improve the optical properties and passivation quality as well as to prevent 
alloying of the screen printed Al layers through the passivation layers during co-firing. 
 
(a) 
 
 
(b) 
 
(c) 
 
(d) 
 
 
Fig. 3. Optical microscope images of laser-ablated and damage-etched samples with different etching times.  
(a) laser-ablated only, (b) etching time of 1 min, (c) etching time of 2 min, and (d) etching time of 10 min.  
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Fig. 4. EL images of laser-ablated and damage-etched i-PERC cells.  
(a) Laser-ablated only, (b) Etching time 10min. 
 
Fig. 3 shows the optical microscope images of the laser-ablated and damage-etched samples. The rear side 
passivated layers were selectively ablated using 532 nm continuous type laser systems. Normally, the laser ablation 
process of the rear side passivation layers is used by nanosecond (ns) or picosecond (ps) lasers to minimize laser 
damage [11], however, we used a continuous type laser to make good use of our existing equipment. As shown in 
Fig. 3(a), six laser lines are placed in parallel, the opening pattern width is approximately 60 μm, and the total 
ablation area is controlled to less than 10%. Because the laser directly irradiates the passivation layer, and the laser 
energy is absorbed, we found black burrs in the edge of each laser line after the laser ablation process. This laser-
induced damage has a negative effect on the cell performance due to the increase in surface recombination, thus we 
removed the laser-induced damage using chemical etching [12]. 
Fig. 3(b), (c), (d) shows chemically etched samples with different etching times of 1 min, 2 min, and 10 min. The 
shape of the etched area in Fig. 3(b) with an etching time of 1 min is similar to only the laser-ablated area in Fig. 
3(a), but the etched areas tend to overlap as the etching time increased from 1 min to 2 min, as shown in igG. 3(c). 
We significantly increased the etching time from 2 min to 10 min to verify the effects of damage etching, and the 
etched surface was cleaner and smoother as the etching time increased as shown in Fig. 3(d). We observed that the 
recombination areas were successfully removed by chemical etching for 10 min. 
Fig. 4 shows the EL images taken from laser-ablated and damage-etched i-PERC cells. An EL imaging technique 
has been introduced as a powerful and fast characterization tool providing spatially resolved information about the 
electrical, optical, and material properties of solar cells, especially the effective diffusion length, local series 
resistances, and shunt type [13]. EL images are displayed on a gray scale, and the EL intensity reflects the material 
quality because defects severely decrease the radiative luminescence [14]. Typically, the low intensity areas indicate 
poor electronic quality, whereas the areas with high intensity indicate high electronic quality. Fig. 2(b) shows a 
higher intensity and brighter sample with an etching time of 10 min compared to the only laser-ablated cells, and it 
was demonstrated that the poor quality of only laser-ablated cells could be attributed to laser-induced bulk defects. 
To confirm the effect of damage etching, we observed the shunt resistance (Rsh) as a function of different etching 
times. The shunt resistance plays an important role because significant power losses caused by the presence of a 
shunt resistance are typically due to manufacturing defects such as laser defects. A low shunt resistance causes 
power losses in solar cells by providing an alternate current path for the light-generated current [14]. Fig. 5 shows 
Rsh as a function of the laser damage etching times from 1 min to 10 min. There is a marked increase in the value of 
Rsh as etching time becomes longer, and Rsh increased by approximately 56 Ω from 28 Ω at 1 min to 84 Ω at 10 min. 
The resistance of 84 Ω is still low, but we found that the damage etching had a significant effect in increasing Rsh. A 
similar trend is observed in the microscope and EL images. 
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Fig. 5. Shunt resistance as a function of laser damage etching times from 1min to 10min 
 
 
Table 1. Cell parameters of best cells 
Cell type Voc [mV] Jsc [mA/cm2] FF [%] η [%] 
Conventional solar cell 635 38.29 78.88 19.17 
i-PERC solar cell 
(only laser ablation) 649 38.55 77.73 19.45 
i-PERC solar cell 
(damage etching) 647 39.06 78.09 19.73 
 
Table 1 summarizes the I–V characteristics of best cells under standard testing conditions (one sun, AM 1.5G). 
The cells were calibrated using a reference cell confirmed by Fraunhofer ISE. As shown in Fig. 1, the main 
difference between the conventional and i-PERC solar cells is the existence of the rear side passivation layer which 
can reduce the recombination loss. The i-PERC solar cells that we fabricated represented better performance for Voc 
and Jsc that originated from the excellent rear side passivation and optical reflectivity. Even the i-PERC solar cells 
that were not etched had better performance originating from the PERC structure. However, the i-PERC solar cells 
represented a lower value for fill factor (FF) than the conventional solar cell owing to the reduction in the total BSF 
area on the rear side. 
The damage-etched i-PERC cell has a value of Voc that is 2 mV lower than the non-etched cell compared to only 
laser ablation. It seems that the chemical process caused damage the passivation layer during chemical etching. 
However, i-PERC cell with damage etching had better performance with regard to Jsc and FF originating from the 
increase in the shunt resistance that improved the surface quality by damage etching. This means that damage 
etching is essential after the laser process for the following co-firing process to remove the recombination areas. 
4. Conclusions 
PERC solar cells offer high performance cell characteristics compared to conventional solar cells. In this work, 
we fabricated i-PERC solar cells using an Al2O3 rear side passivation layer and focused on the industrial production 
of PERC solar cells by laser. We optimized the rear side selective laser ablation and damage etching for i-PERC 
solar cells in conjunction with different etching times to remove the laser-induced damage and therefore improved 
the shunt resistance. Finally, we obtained 19.73% conversion efficiency, corresponding to an increase in Voc and Jsc 
compared to conventional solar cells. Further enhancement through the inclusion of the rear side opening area design 
and fine tuning of the co-firing process to form a void-free LBSF has the potential to achieve conversion efficiency 
greater than 20%. 
 
796   Jisun Kim et al. /  Energy Procedia  55 ( 2014 )  791 – 796 
Acknowledgement 
This work was supported by the New & Renewable Energy of the Korea Institute of Energy Technology 
Evaluation and Planning (KETEP) grant funded by the Korea government Ministry of Trade, Industry and Energy 
(No. 20113010010010). 
 
References 
[1] Wijekoon K, Khatri H, Tanner D, Zhang L, Shaikh A, Ponnekanti H, Rear passivated high efficiency solar cells: Optimization of aluminum 
alloying in local contacts by modifying paste formulation. 27th Eur Photovolt Sol Energy Conf 2012;608–13. 
[2] Suresh KD, Jinsu Y, Kyunghae K, Somnath G, Sungwook J,  Junsin Y, Study of electrical properties of oxidized porous silicon for back 
surface passivation of silicon solar cells. Renewable Energy 1998;33:282–5. 
[3] Gatz S, Müller J, Dullweber T, Brendel R, Analysis and optimization of the bulk and rear recombination of screen-printed PERC solar cells. 
Energy Procedia 2012;27:95ė102. 
[4] Webera T, Fischer G, Oehlke A, Kusterer C, Strauch K, Schiepe R, Mühlbauer M, Müller M, Wolny F, Köhler R, Grupp-Mueller G, 
Schneiderlöchner E, Stegemann KH, Neuhaus H, High volume pilot production of high efficiency PERC solar cells - Analysis based on 
device simulation. Energy Procedia 2013;38:474ė81. 
[5] Dullweber T, Hessea R, Bhosle V, Dubé C, Ion-implanted PERC solar cells with Al2O3/SiNx rear passivation. Energy Procedia 2013;38:430ė
5. 
[6] Urrejola E, Peter K, Plagwitz H, Schubert G, Distribution of silicon in the aluminum matrix for rear passivated solar cells. Energy Procedia 
2011;8:331–6. 
[7] Kim M, Park S, Kim D, Highly efficient PERC cells fabricated using the low cost laser ablation process. Sol Energy Mater Sol Cells 
2013;117:126–31. 
[8] Poulain G, Blanc D, Focsa A, De Vita M, Fraser K, Sayad Y, Lemiti M, Characterization of laser-induced damage in silicon solar cells during 
selective ablation processes. Mater Sci Eng B 2013;178:682–5. 
[9] Du Z, Palina N, Chen J, Hong M, Hoex B, Rear-side contact opening by laser ablation for industrial screen-printed aluminum local back 
surface field silicon wafer solar cells. Energy Procedia 2012;25:19–27. 
[10] Mack S, Thaidigsmann B, Lohmüller E, Wolf A, Clement F, Hofmann M, Preu R, Biro D, Technologies for mass production of PERC and 
MWT solar cells. Photovolt Int 2013;21:39ė46. 
[11] Heinrich G, Bähr M, Doll O, Köhler I, Maier C, Lawerenz A, Differences of rear-contact area formation between laser ablation and etching 
paste for PERC solar cells. 26th Eur Photovolt Sol Energy Conf 2011;1203–9. 
[12] Du ZR, Palina N, Chen J, Lin F, Hong MH, Hoex B, Impact of KOH etching on laser damage removal and contact formation for Al local 
back surface field silicon wafer solar cells. 27th Eur Photovolt Sol Energy Conf 2012;1230–3. 
[12] Kitiyanan A, Ogane A, Tani A, Hatayama T, Yano H, Uraoka Y, Fuyuki T, Comprehensive study of electroluminescence in multicrystalline 
silicon solar cells. J Appl Phys 2009;106:043717. 
[13] Cheng T-H, Kuo P-S, Ko C-Y, Chen C-Y, Liu CW, Electroluminescence from monocrystalline silicon solar cell. J Appl Phys 
2009;105:106107. 
[14] Dhass. AD, Natarajan E, Influence of shunt resistance on the performance of solar photovoltaic cell. Int Conf Emerging Trends Electr Eng 
Energy Management (ICETEEEM) 2012;382ė6. 
 
